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Introduction
The analysis of very compact astrophysical objects has been a key issue in relativistic astrophysics for the last few years. The estimated mass and radius of several compact objects such as X-ray pulsar Her X-1, X-ray burster 4U 1820-30, millisecond pulsar SAX J 1808.4-3658, X-ray sources 4U 1728-34, PSR 0943+10 and RX J185635-3754, are not compatible with the standard neutron star models. There are several astrophysical objects as well as cosmological phases where one needs to consider equation of state of matter involving matter densities of the order of 10 15 gm/cc or higher, exceeding the nuclear matter density. The conventional approach of obtaining models of relativistic stars in equilibrium requires a definite information about the equation of state of its matter content. The equation of state for a superdense star is yet to be determined. An alternative approach generally followed 3,4,12-23 in relativity is to prescribe a suitable ansatz geometry for the interior three space in order to extract physical properties of such stars. In relativistic astrophysics, exact solutions of Einstein-Maxwell equations for the interior matter content in the form of charged perfect fluid spheres become important because of its various physical applications 19, 21 . The solution of the interior space-time of a charged sphere is matched with the exterior Reissner-Nordstrom metric at the boundary. In the presence of charge, the gravitational collapse may be counter balanced by the electrostatic repulsive Columbian force along with the pressure gradient. As a result gravitational collapse of a spherically symmetric matter distribution with charge might avoid collapse to a point singularity. Recently a number of papers in stellar models came up considering electromagnetic field 2,17,19 . The matter density of many compact objects are normally above the nuclear density. It has maximum mass and radius both less than that of neutron stars, with higher compactification factor (ratio of mass to radius). Compact objects are classified on the basis of compactification factor, for a normal stars (10 −5 ), white dwarfs (10 −3 ), neutron stars (0.1 to 0.2), strange stars (0.2 to < 0.5), black holes (0.5) etc. The physics near the core region of a super-dense compact object is not well understood yet. The equation of state of compact objects such as neutron stars, strange stars is also not known at least near the core region. Therefore a compact object can be analysed by considering a simple spatial geometry characterised by spheroidicity parameter (a) and curvature parameter (R). In this context, Vaidya and Tikekar 3 and Tikekar 4 prescribed a simple form for the space-like hyper-surface (t=constant) containing two such parameters namely, spheroidicity parameter (a) and curvature parameter (R). Vaidya-Tikekar approach reduces the complexity of the field equations which produces solution of relativistic stars with ultra-high densities and pressures that is consistent with the observations 5 . The Vaidya-Tikekar approach is also useful to obtain stellar solution for a compact star with Einstein-Maxwell field equations. The solution is characterised by two parameters a and R. The physical properties of static charged star is studied in different context 1,2,6 considering Vaidya-Tikekar space time metric 3 . The physical plausibility of Vaidya-Tikekar approach is discussed in the literature 3,4,7 . Maharaj and Leach 8 analyzed a relativistic model for superdense stars proposed by Tikekar 4 extensively and obtained new classes of solutions for different choice of the spheroidal parameter. Tikekar and Thomas 9 , 11 analysed compact stars with 3-pseudo-spheroidal geometry for the 3-space of the interior space-time and obtained a class of relativistic solutions suitable for modelling. In this paper, we obtain a class of relativistic stellar models using Tikekar-Thomas ansatz which prescribes 3-pseudo spheroidal geometry for the 3-space for the interior space-time in the presence of charge. A number of papers appeared in the literature 9,10,11,16 considering pseudo-spheroidal geometry to construct compact star models including anisotropic distribution of fluid. The suitability of the solution for describing the model of a superdense star in pseudo-spheroidal geometry may be important to explore. Usually knowing equation of state (henceforth, EOS) we determine the geometry from the Einstein's field equation but as the EOS of a neutron star is unknown so we adopt a different technique 12 to determine the EOS assuming a pseudo-spheroidal space-time inside a compact star. Using the metric, we establish a relation for pressure and density in the Einstein gravity and study physical properties of a suprdense star. The outline of the paper is as follows. In sec. 2, we set up the relevant field equation and obtain relativistic solution for different configuration with total charge. In sec. 3, we determine the constraints under which the solutions are physically realistic. Thereafter the physical properties of compact object for known mass and radius are explored. The parameters a and R are useful here to construct stellar model for a given charge density. We also study region of strong energy and weak energy conditions in the interior of compact objects. Finally a brief discussion is given in sec. 4.
Einstein-Maxwell Field Equations
The Einstein field equation is
where R ij , g ij , R and T ij are Ricci tensor, metric tensor, Ricci scalar and energy momentum tensor respectively. We consider a spherically symmetric static star represented by the line element,
where ν(r) and µ(r) are the two unknown metric functions. We also consider electrically charged star with most general form of energy-momentum tensor given by,
where ρ and p represents the energy density and pressure respectively and E 2 represents intensity of the electric field.
Using Einstein field equation, we obtain the following field equations: 
where () ′ represents derivative w.r.t. r. From eqs. (5) and (6) we obtain
To solve the above differential eq. (7), we use the ansatz 9 ,
where a is the spheroidicity parameter and R is a geometrical parameter related with the configuration of a star model. Now using the ansatz given by eq. (8) in eq. (7), we obtain a second order differential equation in x, given by
where Ψ = e ν(r) , with x 2 = 1 + r 2 R 2 and ψ x represents derivative of ψ w.r.t. x. Now for simplicity we choose
, such that it is related to the electric field intensity as
We choose the electric field intensity as in eq. (10) so that the regularity at the centre of the compact object is ensured 16 . The choice of E 2 generates a model for a charged star which is physically realistic in pseudo spheroidal geometry. Using eq. (10) and the transformation z = a a−1 x, eq. (9) can be written as
Differentiating the above equation once again with respect to z, we get
where Ω 2 = (2 − a + 2β 2 /a) is a constant. Thus, for a given β, positivity of Ω puts an upper bound on the spheroidicity parameter: a < (1 + 1 + 2β 2 ). Again in pseudo-spheroidal space-time positivity of central density puts another constraint on a, leading to a > 1. Eq.(12) is a third order differential equation in z, we obtain the following general solutions for two different cases 16 : Case(i). 1 < a < 1 + 1 + 2β 2 . In this case Ω (= 2 − a + 2β 2 /a) is positive for any β and corresponding solution is given by
Case(ii). a > 1 + 1 + 2β 2 . In this case Ω (= a − 2 − 2β 2 /a) is positive for all value of β, and the corresponding solution is (14) where z = cosh(η). The solutions obtained by Tikekar and Jotania 16 are recovered for β = 0. The unknown constants A and B are to be determined from the boundary conditions. The total charge contained within the sphere of radius r is defined as follows:
where σ denotes the proper charge density.
Physical applications
The general relativistic solutions given by eqs. (13) and (14) will be used in this section to study compact objects with charge. The physical parameters namely, energy density (ρ), pressure (p) and charge density (σ) are functions of 'r', which are given by,
The set of equations namely eqs. (10) and eqs. (16) - (18) are relevant for determining the physical features of a compact star. From eq. (16) it is evident that the central density of a star is independent of β i.e. on electric field which however depends on the geometrical parameter R and the spheroidicity parameter 9 (a). Thus we note that the central density of a compact star which is given by,
is a constant for a given values of a and R. One interesting aspect is that it does not depend on the charge on the compact object. Non negativity of central density ensure that a > 1 and also in a pseudo-spheroidal geometry we need z > 0. One recovers 16 energy density (ρ) and pressure (p) that for an uncharged star for β = 0. In the interior of the charged sphere, energy density (ρ), pressure (p) and charge (σ) are well-behaved, bounded, finite and regular at the centre. The boundary of the star is determined from p(b) = 0. The total mass of a charged star contained within the radius b is given by,
The compactness factor u (defined as the ratio of mass to radius) is given by
where y = b R . In the case of a compact charged star, the following conditions are imposed:
• At the boundary of the star (r = b), the interior solution is matched with the exterior Reissner-Nordstrom metric given by,
(22) Thus the metric potential must be matched at the boundary as follows:
where M and q denote the total mass and charge of the compact star respectively, as measured by an observer at infinity.
• At the boundary (r = b) of the star the pressure p = 0, which yields,
• Inside and on the surface of the charged sphere the pressure p ≥ 0, which leads to
From eqs. (16) and (17), we obtain squared of the speed of sound which is given by,
.
(26) The speed of sound must be less than the speed of light inside the star to maintain the causality condition for which ( ∂p ∂ρ ) < 1. Thus the causality condition leads to the following inequality equations.
+D (27) where,
a(a−1) . Using inequalities (25) and (27) we obtain the following bounds on the spheroidicity parameter a:
where A = and (ii) a > 5 respectively 17 . In the pseudospheroidal geometry positivity of the spheroidal parameter a is ensured for β ≥ 0. In this case, the maximum compactness factor upto which a compact stellar model permitted is u = 0.4167 for β = 0 with a = 6 . However, we note that for β = 0.65, the spheroidicity parameter satisfy a lower bound (a > 5.16208) for the same compactness factor u = 0.4167.
Numerical results
The energy density and pressure of a compact star are determined by parameters a, R and β. It is not simple to obtain a known form of pressure (p) in terms of energy density (ρ) as these are highly non-linear functions of those parameters. So we adopt numerical technique in the next sections to study the physical properties of compact objects. We plot the radial variation of different physical parameters such as p, (ρ − p), (ρ − 3p) and ( ∂p ∂ρ ) for different a, β and R. We tabulate radial variation of energy density with various a and β. To construct a stellar model, first we determine R using eqs. (8) and (23) in the uncharged limit for a given configuration of compact object namely, the spheroidicity parameter (a), Mass (M ) and size (b). To study the dependence of charge on the different physical parameters, we determine the two unknown constants A and B of eqs. (13) and (14) . It is possible to determine A and B from eqs. (23) and (24) for a particular choice of mass (M ), radius (b), spheroidicity parameter (a) and charge parameter (β). Once A, B and R are known, the radial variation of the physical parameters namely, energy density (ρ), pressure (p), (ρ−p), (ρ−3p) and ( ∂p ∂ρ ) are determined using eqs. (16) and (17) for different β. The compactness factor u = M b is determined for a given spheroidicity parameter a using eq.(21). In the next section, we consider three different cases to obtain stellar models of known compact stars, where the masses are taken from observations 24 .
Case I: Using the data for X-ray pulsar, namely Her X-1 18 characterised by Mass M = 0.88M ⊙ , where M ⊙ = the solar mass, size of the star b = 7.7 km we obtain stellar model. It has compactness factor u = M/b = 0.1686. The geometrical parameter, namely, the spheroidicty parameter in this case is a = 6. The above values are then used to determine the geometrical parameter R from eqs. (8) and (23) It is evident from fig.(1) that the radial pressure (p) decreases with an increase in charge which is prominent at the centre. In table-1 radial variation of energy density (ρ) in the interior and on the surface of the star are tabulated for two sets of parameters. It is evident that the energy density (ρ) decreases with an increase in charge inside the compact star except at the centre for a given spheroidicity parameter. It is also evident that for a large spheroidicity parameter the radial variation of energy density is same in all the cases. In fig.(2) and fig.(3) radial variation of (ρ − p) and (ρ − 3p) are plotted to determine the regions where weak energy condition (ρ − p) (henceforth, WEC) and strong energy condition (ρ − 3p) (henceforth SEC) separately are obeyed. Although radial variation of (ρ − p) overlaps, a significant variation in (ρ − 3p) is observed when the charge is increased. The variation of ( ∂p ∂ρ ) at the centre and at the surface for different charge parameter β are plotted in fig.(4) . It is evident that the causality condition ( ∂p ∂ρ < 1) holds good inside the star even in the presence electric field. In the next section, we consider known compact objects with two different configurations. First let us consider SAX J with two possible models of compactness 16, 19 .
Case IIa: we consider here a millisecond pulsar namely, SAX J 1808.4-3658 which is characterised by mass M = 1.435M ⊙ , and size of the star b = 7.07 km. We note that the above star configuration is permitted for compactness u = M/b = 0.2994 with spheroidicity parameter a = 6. Using eq.(8) along with the boundary condition at r = b, we determine geometrical parameter R = 10.839 km. Using the parameters we determine its various physical properties qualitatively. The radial variation of pressure (p) is plotted in fig.(5) for given electric charges (i.e., β). It is found that the effect of charge is to reduce the pressure inside the star. It is evident from fig.(6) that WEC (ρ − p) > 0 is also obeyed. The energy density (ρ) is tabulated with radial distance in table-2 for two sets of parameters a = 6 and a = 15. We plot the radial variation of (ρ − 3p) in fig.(7) both for charged and uncharged compact stars. In the case of uncharged star it is found that the SEC is violated near the centre but gradually away from the centre (ρ − 3p) attains a positive value. In the case of charged star with β ≥ 0.2351 SEC condition is maintained throughout the interior of compact object. Thus for a compact star with or without charge, we note an interesting case where a compact star may be assumed to be made up of a core and an envelope region. In the case of uncharged star SAX J1 with a = 6, a core region upto a sphere of radius r = 1.602 km. might exit. In the case of a charged star with β = 0.15, one obtains a core of radial distance r = 1.412 km. from the centre where normal perfect fluid may not exist. It is also observed that the core region decreases due to the presence of charge on the compact object. For β ≥ 0.2351, such a core region does not exist as SEC condition is obeyed inside at all region of the star. This is an interesting case, where one obtains an unusual behaviour of matter inside the compact star for low value of charge density which remains to be explored elsewhere. In fig.(8) variation of ( 0.38 dp dΡ Case IIb: We now consider another model for the same star SAX J1 which is characterised by mass M = 1.323M ⊙ and radius b = 6.55 km. The above configuration can be accommodated with compactness factor u = M/b = 0.2979 in our model with spheroidicity parameter a = 6. In this case we consider a star with smaller compactness factor than that taken in Case IIa.
The geometrical parameter R is determined from the eqs. (8) and (23) using the boundary condition at r = b, which is R = 10.129 km. The radial variation of pressure (p) for different charge parameters are shown in fig.(9) . The radial variation of energy density (ρ) is tabulated in table-3. From figs. (10) and (11), it is evident that both the weak and strong energy conditions are obeyed inside the star with or without electric charge. Fig.(12) shows the variation of ( ∂p ∂ρ ) with β at the centre and in the surface of star SAX J-1. The causality condition ( ∂p ∂ρ < 1) is obeyed inside the star for the chosen set of parameters. In table-4, we tabulated (ρ − p) and (ρ − 3p) at the centre of the star for spheroidicity parameter a = 6 with different compactness factor (u). It is found that at higher compactification factor there exists regions inside the star where not only SEC is violated but also WEC. We note from columns 2 and 3 of table-4 that in the uncharged case strong energy condition 0.37 dp dΡ But in the case of a charged star with β = 0.3, strong energy condition (SEC) is violated when u > 0.29990 whereas weak energy condition (WEC) is violated when u > 0.35670, which are shown in columns 4 and 5 of table-4. Thus if one prescribes 3-pseudo spheroidal geometry for the 3-space of the interior space-time of compact objects, then it comes out from the analysis that there exist considerable regions with different parameters where both the WEC and SEC are violated. For a given a, as the charge (electric field intensity) is increased, the region of violation of WEC and SEC are found to occur at higher compactness factor for the same spheroidicity parameter (a). The upper limit on the boundary of a star is obtained from eq. (29) which is given by
where ǫ = (−12a
. In the uncharged case we obtain a limiting value same as that obtained in the Ref. 17 . However we note that in the presence of charge the limiting values of the reduced radius is increased for same spheroidicity parameter which are tabulated in table-5. Finally we determine the radius of a star for a given set of parameters in the presence and in the absence of charge. The size of a compact star is tabulated in table-6. It is evident that in the presence of charged star the size of a star (b) is increased.
Discussion
In this paper we obtain a class of relativistic solution for static compact star with charge in the framework of pseudo-spheroidal space-time geometry. The interior solutions of Einstein-Maxwell equation for a charged compact object particularly with electric field is matched with Reissner-Nordstrom metric at the boundary. The interior geometry of a compact star here contains five parameters namely, mass (M ), radius (b), spheroidicity parameter (a), charge (β) and geometrical parameter (R). The solutions given by eqs. (13) and (14) obtained from the Einstein's field Table- 4: Values of (ρ − p) and (ρ − 3p) at the centre of the compact object for different compactness factor and charge parameter β in the unit of ( Table- Table- 6 : Size of the star(b) with spheroidicity parameters a = 6 and a = 15.
the physical properties of the star with pseudo-spheroidal geometry. It is found that for a given spheroidicity parameter, the pressure inside the star is less compared to that of an uncharged star. With an increase in charge (q), the pressure inside the star is found to decrease.
(ii) The variation of pressure at the center is maximum which gradually decreases away from the center and finally vanishes at the boundary. However in the case of energy density for a given star with different R parameter the central density is found to decrease with charge. At the surface, energy density (ρ) depends on R but independent of charge on the star. We note that both the weak and strong energy conditions are obeyed inside the star as shown in fig. (2) and fig. (3) respectively. The causality condition is also obeyed throughout the star from the centre to the boundary (see fig.(4) ).
(iii) In the case of SAX J1 808.4-3658 we obtain stellar models with two different compactness factor. The radial variation of (ρ − 3p) is shown in fig. (7) . We found some interesting regions near the centre from the graph where both SEC and WEC are violated. It is evident that for β ≥ 0.2351, both the strong and weak energy conditions are obeyed with compactification factor u = 0.2994. However, for β < 0.2351 the strong energy condition is violated near the centre of the star. The radial variation of (ρ − 3p) is shown in fig.(11) . It is evident that strong energy condition (ρ − 3p ≥ 0) is obeyed inside the star with compactness u = 0.2979 (Case-IIb). We tabulated the variation of (ρ − 3p) and (ρ − p) with compactification factor u for different charge parameter β. Thus as u increases both WEC and SEC violation region is found to increase both in the absence and in the presence of charge. From figs. (8) and (12), it is evident that causality condition is obeyed inside the star in the case of SAX J for both the models considered here. In case of SAX J with compactness u = 0.2994, the strong energy condition (ρ − 3p ≥ 0) is violated within a sphere of radius r = 1.602 km.
For a charged compact star (Case-IIa) with β = 0.15, SEC violation region is found to exist within a sphere of radius of r = 1.412 km. However for β > 0.2351, such region does not exist. In this case we found a lower bound on E 2 for which SEC and WEC hold good. We note that q(r) = r 2 E 2 ≥
4.00391×10 −6 r 4 (1+0.051067r 2 ) 2 when β = 0.2351 with a = 6. However the radial variation of pressure and density are found same as was obtained in the case of HER X-1. It is also evident that energy density is maximum at the center which decreases radially outward from the center. The energy density (ρ) of a charged compact star decreases compared to that of an uncharged compact object 11 except at the centre. In the case of higher spheroidicity parameter (a) the effect of charge in deciding physical properties of a star is negligible. The variation of ∂p ∂ρ with radial distance (r) for case-I, Case-IIa and case-IIb are shown in figs. (13)- (15) respectively which show that the causality is maintained inside the charged compact star. The variation of pressure with density is plotted in figs. (16)- (18), it is evident that EOS for a star without charge is linear. However, for a compact charged star the EOS is non-linear. A deviation from linearity is visible due to non zero β.
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